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The ENS is composed of a complex network of neurons plus an equal or higher number of enteric glial cells [1, 2] (Fig. 1A) , which are located between the circular and longitudinal muscle layers, and in submucosal ganglia. In the intestine of smaller mammals, myenteric neurons are primarily involved in the regulation of gut motility and submucosal neurons are mostly involved in the regulation of secretion and vascular tone; in larger mammals, some submucosal neurons are also directly involved in motility reflexes [4] .
. Enteric neurons form complex circuits that regulate or control a variety of gut functions including motility, secretion, vascular tone and release of hormones. Although there is normally interplay between the ENS and the central nervous system (CNS), in most regions of the gastrointestinal tract the ENS can function autonomously; the ENS has therefore been referred to as a 'second brain' [3]. In mammals and birds, most enteric neurons are clustered in myenteric ganglia
Initially, enteric neuron subtypes were identified by Dogiel based on morphological characteristics alone (see [1] 
). However, elegant studies performed in the past few decades utilizing a variety of immunohistochemical, electrophysiological, pharmacological and tracing techniques have identified different subtypes of enteric neurons based on a combination of morphology, neurotransmitters, electrophysiology, target tissue and direction (up, down or circumferentially) and length of axon projection. Enteric neurons have been most thoroughly studied in the guinea-pig ileum, where 10-15 subtypes of myenteric neurons and 4-5 subtypes of submucosal neurons have been identified; these include intrinsic primary afferent (sensory) neurons, ascending and descending interneurons, excitatory and inhibitory motor neurons to both the longitudinal and circular muscle layers, intestinofugal, secretomotor and vasodilator neurons [5-7]. More recent studies of myenteric neurons in the mouse small intestine have shown many similarities between neuron subtypes present in guinea-pigs and mice, which include (i ) putative intrinsic primary afferent neurons have Dogiel type II morphology and contain cholinergic markers, (ii ) excitatory circular muscle motor neurons contain cholinergic markers and tackykinins such as substance P, (iii ) inhibitory motor neurons contain nitric oxide synthase (NOS), the synthetic enzyme for nitric oxide, as well as vasoactive intestinal peptide (VIP) [8-11], (iv ) there are multiple subtypes of descending interneurons (four in the guinea-pig and probably three in the mouse) but only a single class of ascending interneurons [11], (v ) separate populations of 5-hydroxytryptamine (5-HT)
and somatostatin interneurons [8, [11] [12] [13] [14] -the 5-HT neurons in both species project anally [15] and the somatostatin interneurons in the mouse are also presumed to project anally [11] as they do in the guinea-pig [16] . Pharmacological studies provide support to the view that the neurotransmitters involved in peristaltic reflexes are highly conserved between different mammalian species [17] . There are, however, some differences between subtypes of myenteric neurons in guinea-pig and mouse, particularly in the expression of calcium binding proteins. For example, in the guinea-pig, calretinin is expressed by ascending interneurons and longitudinal muscle motor neurons [5] [6] [7] , whereas in the mouse, calretinin is expressed by excitatory muscle motor neurons, ascending interneurons and some intrinsic sensory neurons [8, 11] [8, 11] . Five types of submucosal neurons have been identified in the mouse small intestine, but unlike guinea-pig and other species, these do not appear to include Dogiel type II neurons [19] .
. In the guinea-pig ileum, calbindin is expressed by a single subtype of myenteric neuron that have Dogiel type II morphology and are intrinsic sensory neurons [18], whereas in the mouse, calbindin is expressed by at least two different subtypes of neurons based on morphology and co-localization with other neurochemicals
Studies of the ENS of the rat [20, 21] , pig [22] [23] [24] and sheep [25, 26] (Fig. 1D, E [76] . The innervation of the mucosa in the small and large intestine of the pig develops around birth [77] , whereas in the mouse, nerve terminals are present in the mucosa in the small intestine at E18.5, just prior to birth [78] .
In the developing nervous system, some neurotransmitters or their synthesizing enzymes, or combinations of neurotransmitters, which are not expressed in the mature nervous system, are expressed transiently [79, 80] (Fig. 1F) , and NOS nerve fibres are present transiently in the mucosa [78] . [81, 86] (Fig. 2A) . To [7, 11] . The development of neuronal morphology in the embryonic mouse intestine in vivo has been examined using the lipophilic dye, DiI [53] . A caveat of this study is, however, that because of the size of (Fig. 2D) (Fig. 2E, F (Fig. 3) .
Time of exit from cell cycle of different neuron types

Morphological development of enteric neurons
Many of the first enteric neurons to develop have a long leading axon-like process that projects anally in close association with migrating crest-derived cells [53, 101] (Fig. 1B). Experiments performed with DiI as a retrograde tracer also show that most immature enteric neurons project anally (Fig. 2B, C). Some of the immature anally projecting neurons express NOS (Fig. 1C). Using either pan-neuronal immunostaining or DiI tracing, prominent longitudinally projecting fibres (along the rostro-caudal axis of the gut) are observed shortly after each gut region is colonized by crest-derived cells
Hand2 appears to be involved in the differentiation of enteric neurons, but not glial cells [116] (Fig. 3) A
major mechanism in the generation of neuronal diversity in many regions of the CNS is that of 'combinatorial codes'. For example, a combination of five transcription factors, including Ascl1, is involved in the differentiation of 5-HT neurons in the mouse hindbrain, although Ascl1 appears to be 'an essential and general determinant of the 5-HT phenotype' [124], including 5-HT neuron differentiation in the ENS (see above). Although there do not appear to be universal genetic programmes controlling the development of neurons with a particular neurotransmitter phenotype in different regions of the nervous system [125], a recent study showed that the genes that encode proteins for dopamine synthesis and transport (dopaminergic terminal selector genes) share an evolutionary conserved DNA regulatory sequence [126]. It therefore appears that in different regions of the nervous system, different transcriptional networks can be involved in the activation of the same terminal selector genes. Transcription factors that specify neurotransmitter identity often also control other features of the neuronal phenotype, such as axon pathfinding [127]. To date, transcriptional codes involved in the development of subtypes of enteric neurons have not been identified.
Role of glial cell line-derived neurotrophic factor (GDNF) family members in enteric neuronal differentiation and the generation of neuron diversity
The most important GDNF family member involved in ENS development is GDNF [29, 128-134]. GDNF is required for the survival of enteric neural crest-derived cells, as neural crest cells die around E9.5, just as they are entering the foregut, in mice lacking GDNF or its signaling receptor, Ret [135]; Gdnf -/-and Ret
-/-mice die at birth [128, [136] [137] [138] . GDNF is expressed by the gut mesenchyme [139, 140] and Ret by enteric neural crest cells [141] . [129, [142] [143] [144] [145] [146] . In adult Gdnf ϩ/Ϫ mice there is over a 50% reduction in the number of myenteric neurons in the small intestine and colon [147, 148] . [150, 152, 153] . In mice and rats lacking endothelin 3 or Ednrb, enteric neurons are missing from the distal regions of the gastrointestinal tract [154, 155] . (Fig. 3) [148, 160] . There are also differences in the expression of neurotransmitters in the small intestine of adult Et-3 Ϫ/-mice [160] .
Because of its essential role in the early survival of crestderived cells, it has not yet been possible to study any possible roles for GDNF in the later development of the ENS in vivo. However, studies in vitro have shown that GDNF promotes the proliferation, migration and neuronal differentiation of enteric neural crest-derived cells, as well as survival
Role of endothelin-3/Ednrb signalling
Endothelin-3 is expressed by the gut mesenchyme [150,151] and its receptor, endothelin receptor B (Ednrb) is expressed by migrating neural crest cells and also by the gut mesenchyme
There is considerable evidence from both in vitro and in vivo studies that the main function of endothelin-3 signalling in ENS development is to inhibit the rate of neuronal differentiation of enteric neural crest-derived cells
Role of other signalling pathways
Neurotrophin-3 (NT-3)
NT-3 is the only neurotrophin that has been shown to influence enteric neuron development [161] . Mice lacking NT-3 or its preferred receptor, TrkC, show reductions in myenteric and submucosal neuron numbers, but some neuron subtypes are affected more than others, with a significant reduction in CGRP neurons, but not 5-HT, NOS, GABA, ChAT or substance P neurons [162] . [163] [164] [165] [166] [167] and many of the effects are concentration-dependent [167] . The role of BMPs in enteric neuron development in vivo has been examined using mice in which noggin is overexpressed in neurons using the neuronspecific enolase (NSE) promoter [167] . [169] . The rate of glial differentiation is unaffected by loss of L1 [169] . [171] . In zebrafish, sonic hedgehog is required for the migration of neural crest from the hindbrain into the anterior gut [172] .
Bone morphogenetic proteins (BMPs) Studies in vitro have shown that BMPs influence multiple processes including crest cell migration, neuronal differentiation, fasciculation and cell aggregation
Sonic hedgehog Sonic hedgehog inhibits the neuronal differentiation of crestderived cells from embryonic mice in vitro [170]. It is possible, therefore, that sonic hedgehog modulates the rate of neuronal differentiation in vivo, although the only reported defect in mice lacking sonic hedgehog is the presence of neurons in ectopic locations, such as the gut mucosa
Role of electrical activity
In the developing spinal cord, endogenous GABA and glutamate release regulate the neurotransmitter phenotype of neurons [173] . [175] .
Development of enteric glia
Enteric glial cells are closely associated with enteric nerve cell bodies and their axons (Fig. 1A). Enteric glia plays an important role in intestinal epithelial cell function and in immune responses
Ablation of enteric glia results in changes to enteric neurons including degeneration and changes in neurotransmitter
expression [176, 177] Little [183, 184] [110, 185] . One study concluded that Notch signalling promotes gliogenesis because the development of enteric glia was more severely affected than enteric neuron development by loss of Notch signalling [185] . However, a subsequent study concluded that Notch signalling was required for the maintenance of enteric neuronal progenitors (Fig. 3) , as premature neurogenesis was observed in the ENS of mice with defects in Notch signalling in neural crest-derived cells [110] .
is known about the mechanisms controlling the development of enteric glial cells from neural crest stem/progenitor cells. Like all peripheral glial cells, Sox10 is required for the development of enteric glial cells [112, 182] (see above). Notch signalling has been shown to promote the generation of glial cells from neural crest stem/progenitor cells in the peripheral nervous system
. Two studies have examined the role of Notch signalling in the developing ENS by examining mice in which there are neural crest cell-specific defects in Notch signalling
Development of neurons and neuronal subtypes in the human ENS and clinical relevance
The human gut is colonized by crest-derived cells in a rostralto-caudal wave between weeks 4 and 7 [186, 187] . As in laboratory mammals [98, 188] , the submucosal plexus forms after the myenteric plexus from a centripetal migration from the myenteric plexus [186, 187] . Cells showing immunoreactivity to the pan-neuronal marker PGP9.5 and to the glial marker, S100␤, were detected in the foregut at week 7 [186] , calretinin and calbindin neurons are present by week 8 [32] and substance P by week 9 [189] . NOS neurons are already present at week 10 [190] and there is a relatively dense plexus of NOS nerve fibres in the circular muscle by mid-gestation stages [191, 192] . VIP is present in a sub-population of myenteric neurons at week 18, but there is no overlap between NOS and VIP immunoreactivities [191] . GFAP-immunoreactive enteric glial cells are present by week 10 [190] . TH neurons were detected from week 24 [193] .
Hirschsprung's disease
The best characterized defect in ENS development is Hirschsprung's disease (HSCR), which is caused by an absence of enteric neurons from variable lengths of the distal bowel [133] . Proximal to the aganglionic region, there is usually a transition zone of decreased enteric neuron density [194] . The current treatment for HSCR is to remove surgically the abnormal regions of bowel. Calretinin immunostaining appears to be an accurate method for diagnosing HSCR from rectal suction biopsies [195, 196] . Calretinin fibres are completely absent from the aganglionic zone [195, 196] 
Is the ganglionic segment of Hirschsprung's patients 'normal'?
Patients with HSCR commonly suffer from ongoing motility problems even following surgery. Studies of mouse models of HSCR have shown that there is a decrease in the density of myenteric neurons in the ganglionic regions of the colon, and also some changes in neurotransmitter expression in the small intestine [148, 160] . Moreover, reduced numbers of interstitial cells of Cajal (ICC) were reported proximal to the aganglionic region [160] . In human infants, a recent study showed a decrease in the density nerve cells in the myenteric plexus of the ganglionic region of colon of 12 postoperative patients with HSCR compared to colonic samples from seven 'control' patients ranging from 1-month-old to 12 years with non-ENS gastrointestinal disorders [197] . However, the density of neurons in the myenteric plexus or nerve fibres in the circular muscle in the ganglionic region does not appear to be predictive of clinical outcome [197] . There seems to be a very high degree of variability between HSCR patients in the density of ICC in the ganglionic region, and there is some evidence that an imbalance between ICC and neuron densities are correlated with a poor clinical outcome, rather than decreased densities of neurons only or ICC only [197, 198] .
Other paediatric motility disorders
HSCR is the easiest paediatric enteric neuropathy to diagnose because of the complete absence of enteric neurons from affected regions. However, developmental defects in the ENS are likely to underlie other, more common, paediatric motility disorders [199] [200] [201] . In particular, it is likely that defects in the development of specific subtypes of enteric neurons, or in the number of enteric neurons, underlies some motility disorders. A major problem with analysing biopsy specimens from infants and children with motility disorders is the dearth of specimens from age-matched controls -some data are available about 'normal' enteric neuron numbers [202] , but very little is known about the proportions of neuron subtypes and densities of different fibres in the circular muscle in infants and children of different ages. Furthermore, defects in receptor or ion channel expression, or in connectivity of enteric neurons, will be extremely difficult to diagnose.
Defects in the development of subtypes of enteric neurons
In infants with congenital hypertrophic pyloric stenosis, the innervation of the pylorus by inhibitory (NOS) neurons is defective [203] . As NOS neurons are present in myenteric ganglia and the innervation of the longitudinal muscle of the pylorus by NOS fibres appears normal, the failure of the axons of NOS neurons to grow into or survive in the circular muscle of these patients might reflect defects in the circular muscle rather than NOS neurons. Some children with slow transit constipation have a deficit of substance P nerve fibres in the circular muscle [204, 205] , but it is unknown whether this deficit is a result or a cause of the disease.
Defects in the number of enteric neurons
Mutant mice in which myenteric neuron density is increased [206] or decreased [148] by around 50% have motility defects, and thus enteric neurons must be generated in the correct numbers for normal gut function. It is unknown, however, whether smaller changes in enteric neuron density (e.g. 10-30% increase or decrease) also result in abnormal motility or other gut functions.
Multiple endocrine neoplasia type 2B (MEN 2B) is a rare hereditary syndrome associated with an activating mutation in RET [207] . Most patients have mucosal neuromas, pheochromocytomas and medullary thyroid carcinoma, and also commonly experience gastrointestinal motility problems including constipation and intestinal obstruction [208] [209] [210] . Grossly enlarged myenteric and submucosal ganglia (ganglioneuromatosis) are observed in biopsy specimens [208, 209] . An immunohistochemical study of colonic muscle specimens from three children with MEN 2B revealed normal density of NOS and VIP fibres, but moderate to severe loss of substance P fibres when compared to fibre densities in the adult colon [209] . The low number of substance P fibres in the muscle is surprising given the increased number of ganglion cells in these patients [209] [214] . However, a number of pathologists have raised doubts as to whether INDB is a distinct clinical entity [215, 216] .
Unfortunately, the etiology of abnormal intestinal motility in the vast majority of affected infants is unclear [200] 
